We promote the perspective that puberty, a separate biological process embedded in adolescence, is a "window of opportunity" for understanding and impacting health and development. First, we include a brief overview of pubertal change. Second, we propose a critical role for puberty in shaping life span health due to its connections with early life precursors, health issues and risks emerging during puberty, and health in young adulthood and beyond. Next, we discuss the importance of puberty measures in developmental research and suggest ways to make the science of puberty an important standalone research entity, as well as an essential component of studies conducted during adolescence. Finally, we discuss measurement issues, novel theoretical models of puberty, and the necessity of adopting an interdisciplinary perspective in research on puberty and in adolescence more broadly.
Adolescence is a unique and in some cases understudied developmental period, yet it is ripe with opportunity for prevention and intervention efforts for attaining and maintaining positive health and development (Millstein, Petersen, & Nightingale, 1993a,b; Steinberg, 2015) . The media often presents the adolescent period as one fraught with negativity, where engagement in risky behaviors, unwise decisions, and the like are often highlighted and attributed to the biological changes involved in puberty. For those of us committed to studying this important period of development, a more nuanced view of both adolescents' vulnerabilities and strengths emerges from the last three or so decades of research focusing on biobehavioral aspects of adolescence (Brooks-Gunn, Petersen, & Eichorn, 1985; Brooks-Gunn & Warren, 1989; Crockett & Petersen, 1987; Petersen, 1984; Russell, Card, & Susman, 2011; Susman et al., 1985) . The more nuanced view of adolescence is drawn from scientific evidence from diverse disciplines, underscoring the importance of adolescence as a positive, dynamic, and complex transitional period of life. Within the context of this more contemporary view of adolescence, the goal of this manuscript is to elaborate on the notion that puberty in particular is a critical window of opportunity for improving health and well-being both in adolescence and across the life span.
This Article is not a review paper; rather it will provide a novel perspective on the unique role of puberty in lifetime health trajectories, while also discussing the plasticity and resilience of youth during this developmental stage. Specifically, we promote the perspective that puberty, a separate biological process which is embedded in the important developmental period of adolescence, is a "window of opportunity" for understanding and impacting health and development in adolescence and beyond. First, we include a brief overview of the various processes and changes involved in puberty. Second, we propose a critical role for pubertal processes in shaping life span health due to its connections with (1) early (i.e, prenatal, early childhood, prepubertal) health precursors; (2) health issues and risks emerging during puberty; and (3) future health in young adulthood and throughout the rest of the life span. Finally, we will discuss the importance of including puberty measures in developmental research and suggest ways to make the science of puberty an important standalone research entity, as well as an essential component of studies conducted during adolescence and beyond. In this concluding section, we will discuss measurement issues, novel theoretical models of puberty, and the necessity of taking an interdisci-plinary perspective in research on puberty and in the adolescent period more broadly.
PROCESSES AND CHANGES INVOLVED IN PUBERTY
Puberty is a constellation of physical changes that occur during adolescence, the transition period between childhood and young adulthood that includes developmental changes in the social, emotional, cognitive, and biological arenas (Crone & Dahl, 2012; Dahl & Gunnar, 2009; Guyer, Silk, & Nelson, 2016 ; J. V. Lerner, Lerner, & Finkelstein, 2001 ; R. M. Lerner & Foch, 1987; Steinberg, 2005; Steinberg & Morris, 2001) . For example, the social changes during adolescence include the development of identities, changes in roles and relationships with parental figures (Hostinar, Johnson, & Gunnar, 2015) and other adults as well as the formation of romantic or sexual relationships with peers (Collins, Welsh, & Furman, 2009) . Cognitive changes include enhanced executive function, development of abstract reasoning, and advances in critical thinking (Somerville & Casey, 2010; Steinberg, 2005) . Importantly, adolescence and puberty are not synonyms; adolescence primarily includes the psychosocial and cognitive changes, while puberty includes the biological changes in this second decade of life. Puberty consists of the major biological changes during adolescence and includes two overlapping and distinct progressions (Dorn, Dahl, Woodward, & Biro, 2006; Styne & Grumbach, 2016) . The first, adrenarche, meaning "awakening of the adrenal glands" is marked by increases in adrenal androgens (dehydroepiandrosterone, DHEA; its sulfate; DHEAS; and androstenedione, delta-4A). Initially in adrenarche there are no external physical changes (e.g., pubic hair) but changes happen later when concentrations of adrenal androgens are higher. Adrenarche begins at about ages 6-9 and usually occurs earlier in girls than in boys. Gonadarche, the second component, begins with the secretion of gonadotropin-releasing hormone (GnRH) from the hypothalamus resulting in maturation of the hypothalamic-pituitary-gonadal (HPG) axis; such maturation culminates in reproductive maturity (Grumbach & Styne, 2003; Styne & Grumbach, 2016 ; see also Mendle, Beltz, Carter, & Dorn, 2019 in this issue. and Aylwin, Toro, Shirtcliff, & Lomniczi, 2019, in this issue) .
Change is also seen in secondary sexual characteristics, as well as linear growth (Styne & Grumbach, 2016) . The sex-specific endocrine changes that result in these physical changes primarily include increases in concentrations of testosterone in boys and estradiol in girls; both sexes have increases in adrenal androgens. The timing of the hormonal and physical growth changes (breast, genital and pubic hair growth) also vary in boys, in girls, and among different ethnic groups. The physical changes during puberty are categorized into five stages of sexual maturation, referred to as Tanner stages (1 = prepubertal to 5 = fully developed) (Marshall & Tanner, 1969 , 1970 . Linear growth in height often begins prior to breast and pubic hair development in girls and the majority of increases in height are reached by menarche. In boys, linear growth and the appearance of the physical changes (genital, pubic hair) begin about one to two years later than in girls, in most cases. Changes in height continue in boys throughout the later Tanner stages. These external changes signal to adolescents themselves and to parents that puberty has arrived. Such changes in external physical development can be dramatic and set the tone for attitudes about adolescence, signaling to adolescents themselves and others the era of increasing independence, reproductive capacity, and related positive and sanctioned activities. Understanding these pubertal biological changes is relevant for thinking about why adolescence and puberty may be important for current as well as future health and development, as discussed in subsequent sections.
Puberty and Early-Life Health Precursors
With each new scientific discovery or technological advance utilized in the developmental sciences, knowledge is gained that can alter our understanding of the role of puberty in shaping health, development, and well-being. The body of knowledge on puberty and its impact on aspects of adolescent development has developed in different ways. Historically, the first studies of puberty from the midtwentieth century focused on the role that puberty played in concurrent behavior or the impact that pubertal timing (e.g., early vs. late) had on such development (e.g., M. C. Mussen & Jones, 1957) . Connections between puberty and prior developmental stages were neglected. In this first wave of research, bone age via X-ray was a marker of maturation. Although attention toward adolescence as a critical period was increasing, Robert Haggerty, President of the William T. Grant Foundation, noted in a foreword to a book in 1982 that "research has tended to neglect this age group . . . and there is a great need for the development of sophisticated research in order to address these distressing problems [encountered in adolescence]" (Coates, Petersen, & Perry, 1982b, p. xiii) . In the 1980s, psychologists began considering a biopsychosocial approach to understanding adolescence and began to focus on puberty and its timing in order to understand development in various psychosocial arenas of adolescence (Brooks-Gunn & Warren, 1989; Nottelmann et al., 1987; Petersen, 1987; Petersen, Tobin-Richards, & Boxer, 1983; Susman, Nottelmann, Inoff-Germain, Dorn, & Chrousos, 1987) . Some studies on adolescence were focused on puberty, but studies varied both in whether they were cross-sectional or longitudinal, as well as in their methodologies of assessing puberty. Many of the studies included the contexts where the adolescent was developing (e.g., school, family, neighborhood; (Brooks-Gunn & Warren, 1985; Caspi, 1995; Ge, Brody, Conger, Simons, & Murry, 2002; Graber, Brooks-Gunn, & Petersen, 1996; Hops, Davis, & Lewin, 1999 ; R. M. Lerner et al., 1996; Obeidallah, Brennan, Brooks-Gunn, & Earls, 2004; Silbereisen, Noack, & von Eye, 1992; Susman, 1997) . Looking back on the earliest of aforementioned studies, they infrequently included variables regarding the impact of very early (e.g., infancy, early childhood) and childhood developmental processes on puberty or adolescence. It was not until some longitudinal studies on adolescence and puberty started in the 1990s and early 2000s that scholars began to include some retrospective reports of earlier events and processes that had an impact on pubertal development and outcomes (e.g., Costello, Worthman, Erkanli, & Angold, 2007; Gillette, Lohman, & Neppl, 2017; London, Quinn, Scheidell, Frueh, & Khan, 2017; Patton, Coffey, Carlin, Olsson, & Morley, 2004) . In retrospect, we now have a clearer perspective on the importance of these early years for brain development and subsequent behavior.
The prenatal period and puberty. An historical turn in understanding development considered how the prenatal environment may influence later development, primarily adult physical health issues (e.g., the fetal origins hypothesis; Barker, 1990 Barker, , 1998 Barker & Thornburg, 2013) . The Barker developmental model suggested that later chronic disease can result from variations in fetoplacental development. These variations were proposed to be linked to variations in the supply of nutrients to the fetus that permanently alter gene expression, a process Barker and Thornburg referred to as programming. Although multiple studies have shown programming effects on later health, a full discussion is beyond the scope of this article. Thus, we cite a few brief examples. For example, infants born small for gestational age (indicating intrauterine compromise during gestation) are at increased risk for obesity, diabetes, and hypertension from childhood and at later periods of development (Gluckman, Hanson, Cooper, & Thornburg, 2008) . Similarly, intrauterine growth restriction has been linked to adverse neurodevelopmental and psychiatric outcomes across the life span (S. L. Miller, Huppi, & Mallard, 2016) and, specifically, low birth weight (LBW) has been linked to adolescent depression at higher rates in females than males even after controlling for other perinatal, childhood, and adolescent adversities (Costello et al., 2007) . Although these early studies did not specifically focus on fetal programming and its impact on puberty, they did indicate an impact of an earlier developmental issue (e.g., LBW) on subsequent health. Examples of fetal programming and puberty will follow.
The work on fetal programming was followed by other studies acknowledging that fetal growth was important but early childhood growth also was relevant to later adult health outcomes (Bhargava et al., 2004; Eriksson, Forsen, Tuomilehto, Osmond, & Barker, 2001) . In these early works, the impact of fetoplacental development on adolescent health was limited as the focus was primarily on adult health. However, with respect to puberty, there now is an extensive body of literature showing that fetal growth (i.e., birth weight in relation to gestational age) has an impact on early pubertal development. Specifically, Ib añez and colleagues have shown that LBW girls are more likely to have an early type of puberty (premature adrenarche; early rise of adrenal androgens and appearance of pubic hair) than non-LBW girls and in turn, are more likely to have polycystic ovarian syndrome that emerges in adolescence, a hyperandrogenic condition accompanied by hirsuitism, metabolic issues, and infertility (see review by Ib añez, L opezBermejo, D ıaz, & Marcos (2011) . Adrenal androgen concentrations are highest in children born small and who also gained weight rapidly during childhood, suggesting that the higher concentrations of adrenal androgens could contribute to early weight gain and the risk of disease in adulthood (Ong et al., 2004) . As illustrated in their recent review, Ib añez et al. (2011) indicate that these LBW girls have multiple endocrine and metabolic abnormalities including higher visceral fat and insulin resistance at preschool ages, higher secretion of FSH in infancy and after menarche, a reduction in ovarian size and the rate of ovulation, and earlier pubertal development including earlier adrenarche and even pubarche. Although not all girls with premature adrenarche are in the LBW category, girls in general with PA have been shown to have more behavioral problems and internalizing symptoms (Dorn, Hitt, & Rotenstein, 1999; Dorn et al., 2008) and some differences in cognitive function (SontagPadilla et al., 2012; Tissot et al., 2012) compared with on-time pubertal girls. Thus, fetal programming may have an impact on pubertal onset itself, as well as physical and psychosocial processes in early-maturing girls.
Childhood stress and pubertal development. Stress during the infancy and childhood periods may affect puberty onset and progression, although the links are not clearly delineated. In this section, we discuss stress and its physiological changes along with its impact on puberty in adolescence. We briefly define stress as the state of threatened homeostasis that is normally associated with adaptive physical and behavioral changes that promote survival (Charmandari, Tsigos, & Chrousos, 2005; Chrousos, 2009; Chrousos & Gold, 1992) . With the initiation of a stressor there is activation of the stress system, which includes the hypothalamic corticotropin-releasing hormone (CRH) system that regulates the hypothalamic-pituitary-adrenal (HPA) axis and the arousal-sympathetic nervous system; the locus ceruleus/norepinephrine system. In turn, complex interactions occur with other systems to regulate behavior, multiple endocrine systems, and those related to metabolism, immunity, and cardiovascular function (Charmandari et al., 2005; Chrousos & Gold, 1992; Pervanidou & Chrousos, 2012) . The stressor can be physical or psychological-for instance, early-life psychological or physical abuse (Trickett, Noll, Susman, Shenk, & Putnam, 2010) . Consistent with the themes of this report, stress suppresses the HPG axis and decreases pulsatile LH secretion (Chrousos & Gold, 1992) , potentially resulting in reproductive problems. For instance, in animal model studies, stress has been shown to have a negative impact on pubertal development (e.g., onset, timing, progression) with high stress resulting in the inhibition of puberty. One example of this inhibition is in the female rat model where an intracerebroventricular injection of corticortopin-releasing factor (CRF) (i.e., mimicking a stressor) delayed puberty, while an antagonist to CRF caused early puberty (KinseyJones et al., 2010) . Psychosocial stress such as social subordination in female macaques activates the HPA axis and has been shown to delay puberty and ovulation (Wilson, Gordon, & Collins, 1986; Zehr, Van Meter, & Wallen, 2005) . Importantly, it is social subordination during adolescence rather than at birth that predicts the delay in puberty (Schwartz, Wilson, Walker, & Collins, 1985) . The effects of stress on puberty are likely more complex than merely social subordination. A study of female rhesus monkeys indicated that later puberty was evident when higher aggression rates and lower submission rates were received from peers, along with weight gain that was less rapid, greater emotional reactivity, and lower cortisol responsivity when under threat (Wilson et al., 2013) . In fact, 58% of the variance in age at menarche and 71% of the variance in first ovulatory age was predicted by this combination in the rhesus monkeys.
Physical and psychological stress also can impact the timing of puberty in humans, although whether such stress predicts early or late puberty is not confirmed. We believe that part of this uncertainty is due to how puberty was measured (e.g., subjective or objective). For example, in elite athlete groups such as ballet dancers (Warren et al., 2003) or gymnasts (Lindholm, Hagenfeldt, & Ringertz, 1994) , puberty was delayed or arrested (e.g., menstrual cycle cessation) with rigorous and long periods of physical activity (i.e., a physical stressor). Additionally, speculation has existed for years regarding the effect of child abuse (physical or emotional stressor) on pubertal timing. One of the first documentations of such an impact on pubertal timing was by Herman-Giddens and colleagues showing that female patients reporting a history of child sexual abuse had breast and/or pubic/axillary hair development early (prior to age 8) (Herman-Giddens, Sandler, & Friedman, 1988) . It was hypothesized that sexual abuse was associated with effects on the stress system (Saxbe, Negriff, Susman, & Trickett, 2015; Trickett & Putnam, 1993) . Importantly in a unique longitudinal study of girls, documented sexual abuse was over three times more likely to be associated with advanced breast development (by 8 months earlier) as well as pubic hair development (by 12 months earlier) in those abused compared with a matched group of nonabused girls (Noll et al., 2017) . This could be because the HPA axis can be altered in sexually abused girls (DeBellis et al., 1995; Trickett, Gordis, Peckins, & Susman, 2014; Trickett et al., 2010) and the HPA axis changes may be associated with a faster tempo of puberty in girls (Saxbe et al., 2015) , although the exact mechanism is unknown.
Other studies have looked at contextual stressors and their impact on the timing of pubertal development. For example, Belsky and colleagues reported that early father absence in the home was associated with earlier age at menarche (Belsky et al., 2007) . Similarly, earlier puberty was evident in girls who had family disruption or father absence (Ellis & Garber, 2000) , and in a longitudinal study father absence was also linked to earlier puberty (based on Tanner criteria by physical exam) but only in girls in higher income families (Deardorff et al., 2011) . Yet, in studies of infants and children adopted internationally from deprived environments, no differences were noted in age at menarche for those adopted from China versus a nonadopted group (Hayes & Tan, 2016) . Using physical examinations (Tanner criteria), early deprivation in those adopted from an overseas orphanage environment did not independently contribute to an earlier onset of puberty compared to development in the nonadopted group (Reid et al., 2017) .
Although there is increasing evidence linking childhood stress to evidence of greater stress sensitivity during adolescence, there is a gap in the literature in that many of these studies do not account for the effect of childhood stress on the onset, timing, and tempo of puberty. We provide some examples from this research on the health ramifications of childhood stress, because we believe that these studies could benefit from incorporating puberty into their models. For example, childhood economic deprivation has direct and indirect links with adolescent depression (Colman et al., 2014) . Child maltreatment or trauma also is associated with adolescent and adult alcohol dependence (Fenton et al., 2013) , depression, and persistent or recurrent depression (McLaughlin et al., 2012; Nanni, Uher, & Danese, 2012) , as well as obesity (Noll, Zeller, Trickett, & Putnam, 2007) . The effects of stressors in the form of child deprivation (i.e., poverty) also had an impact on blood pressure reactivity in late adolescence but not in childhood (Evans, Exner-Cortens, Kim, & Bartholomew, 2013) suggesting that there is a latency between experiencing a stressor and health sequela.
A putative mechanism whereby stress impacts concurrent and longer term health is via cortisol (a primary stress hormone). For example, in a crosssectional analysis, the HPA axis showed alterations in young sexually abused girls (DeBellis et al., 1992 (DeBellis et al., , 1995 and the alterations in the HPA axis were observed across time into later adolescence and young adulthood (Trickett et al., 2010) . In a prospective community study of children, early-life stress in infancy and preschool years had an impact on later cortisol concentrations (level and slope) and it varied by type of stressor (Essex et al., 2011) . Similarly, HPA axis alterations were noted in children who were adopted from orphanages (Gunnar, Morison, Chisholm, & Schuder, 2001) . Early adversity was associated with adolescent or young adulthood blunting of cortisol to a laboratory stressor in a review of nine studies (Lovallo, 2013) . Alternatively, higher latent trait cortisol was evident in adolescents with greater recent interpersonal acute stress as well as uncontrollable acute stressors, even when controlling for early childhood adversity (Stroud, Chen, Doane, & Granger, 2016) .
Puberty and Associations With Concurrent and Future Health
In this section, we provide examples of what happens during puberty that may impact later health and development. This view sets the stage for considering puberty as a window of opportunity for prevention and intervention efforts. Importantly, developmental processes during puberty are associated with the risk of a wide range of noncommunicable diseases that can continue from adolescence or develop later in life, including obesity, diabetes, cancer, and dysfunction of neurocognitive, reproductive, and immune systems, as well as psychiatric disorders; all of which may have substantial impacts on health. Note that we indicate they are associated with puberty (or may emerge in puberty) but puberty may not be causally involved. For example, contributing factors to the aforementioned conditions include genetics, eating unhealthy foods that increase obesity and diabetes, increases in estrogen that contribute to reproductive cancers, and using sanctioned drugs and alcohol that can affect cognition and learning.
Psychiatric disorders may first appear during puberty but these disorders, like the other health problems mentioned, may have roots much earlier in development (e.g., fetal programming, early childhood adversity). However, in some cases, puberty may play a role in some diseases or disorders. For example, a clear association between puberty and mental health has been more frequently demonstrated with respect to gonadarche and depression (Angold, Costello, & Worthman, 1998; Angold & Rutter, 1992; Angold & Worthman, 1993; Brooks-Gunn, Petersen, & Compas, 1995; Conley & Rudolph, 2009; Petersen, Sarigiani, & Kennedy, 1991) . Scarce data have also revealed that adrenarche, the earlier phase of puberty, is linked to neural development and mental health depending on the timing of adrenarche (Byrne et al., 2017; Dorn, 2007; Dorn et al., 1999; Sontag-Padilla et al., 2012) . Adrenarche, the early phase of puberty, is linked to other health issues such as obesity, current anxiety, and depressive symptoms and stress biomarkers. Several studies show an increased prevalence of symptoms of anxiety, depression, and oppositional problems in children with PA, whereas girls with PA are at a higher risk of developing polycystic ovarian syndrome (PCOS) and PA and PCOS share similar metabolic disturbances such as components of the metabolic syndrome (Idkowiak et al., 2011; Utriainen, Laakso, Liimatta, J€ a€ askel€ ainen, & Voutilainen, 2015). Additionally, the first clinical signs of androgen action (i.e., hair growth) may cause a disturbance to the self-image of the young individual but they might not significantly contribute to the psychological symptoms reported since these early symptoms are subtle at the time of diagnosis. Adrenal androgens (DHEA, DHEAS) also influence brain function and maturation (Campbell, 2006; Maninger, Wolkowitz, Reus, Epel, & Mellon, 2009 ) and act as neurosteroids, increasing the activity of the amygdala and the hippocampus and promoting the synaptogenesis and, in turn, affecting mood. Furthermore, stimulation of the amygdala causes activation of hypothalamic CRH and increases in the HPA axis and LC activity (Gold & Chrousos, 2002) ; a factor relevant to discussion in subsequent paragraphs regarding HPA axis changes and its association with physical and mental health issues during puberty.
Puberty also can bring about a number of risk factors for the development of metabolic and immune disorders during the pubertal period. During this period of rapid growth, patterns of hormone secretion and energy expenditure change, and obesity can develop, with ethnic minority females being particularly vulnerable to obesity (Gordon-Larsen, Adair, Nelson, & Popkin, 2004) . Development of some of these disorders may be related to contextual factors. For example, youth exposed to adverse family experiences (e.g., incarcerated or mentally ill parent, witnessing domestic violence) are also at greater risk of developing obesity during both childhood and adolescence (Lynch et al., 2016) . Furthermore, growing up in a harsh family climate is associated with faster increases in inflammatory markers during adolescence (G. E. Miller & Chen 2010) . These findings regarding inflammation in human adolescents are consistent with some rodent models which have shown that early-life maternal separation is linked to reduced anti-inflammatory activity starting with puberty (Grassi-Oliveira, Honeycutt, Holland, Ganguly, . Importantly, the interactions between early-life stress and puberty are not well understood, as the effect of pubertal transformation on the immune system has been understudied in humans (Brenhouse & Schwarz, 2016) . Nevertheless, we know that, starting with puberty, females are much more prone to autoimmune conditions than males and it is thought that this tendency may be mediated by pubertal hormones shaping the maturation of the central and peripheral immune systems (Brenhouse & Schwarz, 2016) . Additional empirical work is needed to understand the role of the biology of puberty in explaining the emergence of unhealthy metabolic and immune profiles during this developmental period.
Additionally, it is well documented from epidemiological studies that specific mental disorders are likely to emerge and intensify during the entire span of adolescence (Perou et al., 2013) . In some cases emergence of physical health issues (e.g., obesity) may be related to mental health issues (e.g., depression) as well. For example, a study with 3,101 adolescents investigated the associations between depressive symptoms and obesity with progressive pubertal development, and controlled for maternal education, race, and age (Richardson, Garrison, Drangsholt, Mancl, & LeResche, 2006) . Data were stratified by pubertal status and sex. In this study, depressive symptoms increased with pubertal development for both boys and girls, but the increase was greater for girls, whereas obesity prevalence was similar in all categories. However, in the Richardson et al. (2006) study, adolescents with depression scores above the 90th percentile had two times greater likelihood of being obese in all pubertal stages. Furthermore, obesity and depression were interrelated across puberty -with the exception of males in late puberty.
There are multiple mechanisms whereby the disorders and diseases mentioned above become obvious during puberty. For instance, genetic background and a variety of interindividual differences in stress responses predispose an individual's vulnerability or resilience to environmental challenges. According to the cumulative stress hypothesis, in a given context the accumulation of traumatic stress experiences and the failure to cope with such experiences enhances vulnerability to emotional and physical health problems (Daskalakis, Bagot, Parker, Vinkers, & de Kloet, 2013; McEwen, 1998; Taylor, 2010) . Another concept of cumulative stress exposure, the "three hits hypothesis" (Daskalakis et al., 2013) , suggests timing of exposures as a critical point in determining vulnerability or resilience: hit-1 is the genetic predisposition, hit-2 is the earlylife environment, and hit-3 is the later life environment. In this cumulative stress exposure hypothesis, puberty and the broader period of adolescence have a unique role, since they are related to the onset of many stress-related disorders, such as anxiety, depression, and eating disorders. In fact, stress experienced during puberty may also have an impact on concurrent and later health, through the effects of HPA axis activation, although a general hyporesponsivity of the HPA axis in the prepubertal period may be temporarily protective (Gunnar & Quevedo, 2007) . Both blunted cortisol responses to stress in early puberty and heightened cortisol responses to stress in later puberty foreshadow the development of depression (Colich, Kircanski, Foland-Ross, & Gotlib, 2015) . One specific index of the HPA activity, the cortisol awakening response (CAR; the increase in cortisol levels over the first 30-45 min after morning awakening), has been studied intensively (Stalder et al., 2016) . For example, in a prospective study, an elevated CAR in late adolescence predicted the onset of anxiety disorders (Adam et al., 2014) . Thus, a shift toward a heightened CAR over the course of pubertal development may be implicated in the increasing rates of emotional disorder during adolescence (King et al., 2017) . In the same study, early-life stress was associated with a blunted CAR in early puberty and a heightened CAR in later puberty. Overall, existing studies indicate that stress and its primary hormone, cortisol is associated with mental as well as physical health problems.
This period of heightened vulnerability to the effects of stress is mainly due to intrinsic factors, including stress-responsive brain regions, such as fronto-cortical and limbic areas which are still maturing, and interactions between stress hormones and gonadal hormonal axes (Novais, Monteiro, Roque, Correia-Neves, & Sousa, 2017) . Extrinsic factors include changes in lifestyle and behaviors, as well as an increase in external stressors. Another important issue in stress reactivity during puberty is that the interaction of the stress system with gonadal hormones may be instrumental in creating sex differences in stress-related disorders (Susman, Peckins, Bowes, & Dorn, 2017) . Depression, for instance, has twice the prevalence in females than in males, a sex difference that is not evident during childhood, but emerges with puberty and persists into adulthood (Angold, Costello, Erkanli, & Worthman, 1999; Angold & Rutter, 1992; Kessler et al., 2003) . Onset of depression in girls was predicted by their cortisol stress reactivity but it was dependent upon where they were in the course of puberty (Colich et al., 2015) . These examples suggest that stress exposures during puberty might have a sex-specific and disease-specific contribution in the development of stress-related disorders (Novais et al., 2017) .
It is important to reiterate that many of the studies of puberty and adolescent outcomes from the last several decades of the twentieth century began with an adolescent sample and did not include assessments of prenatal or childhood factors. This does limit our knowledge on the role that the prenatal period, infancy, and early childhood plays in adolescent outcomes. Importantly, there are some exceptions where early childhood samples have been followed into adolescence and beyond (e.g., Anderson et al., 2018; Magnus et al., 2017; Nader et al., 2006) . However, it is apparent that more longitudinal studies that begin prior to puberty are needed so that we can trace the early roots of the above-mentioned (and other) disorders. It is critical that we do not assume that puberty is the beginning of these disorders. A recent commentary indicates that longterm longitudinal studies also are needed that focus on what is critical about adolescence that will reveal major insights into how adolescence impacts both positive and negative life span health (Schulenberg & Maslowsky, 2015) . Specifically, the studies would "document the importance of adolescence-that is, to pinpoint, as rigorously as possible, the individual and contextual characteristics and experiences that matter the most during adolescence for long-term outcomes" (Schulenberg & Maslowsky, 2015, p. 2) . Some of these experiences include puberty and its physical changes that also may alter, for example, social and emotional experiences. Such knowledge would enhance healthy development at the individual level, inform policy regarding where critical interventions or practices could occur, and ultimately improve public health. A new understanding and prioritization of including puberty as a pivotal point in adolescence is needed to push science forward-both regarding our understanding of the determinants of a healthy adolescence and our knowledge of the role that pubertal development may play in laying the groundwork for health for the remainder of the life span.
Puberty as an Opportune Time for Health Prevention and Intervention
The biological and socioemotional changes that accompany pubertal maturation present unique challenges to adolescents' physical and mental health that require interventions tailored to this developmental period (Dahl & Gunnar, 2009 ). The pubertal period involves increases in risky behaviors and increases in mood and anxiety disorders, as well as initiation and, in some cases, maintenance of substance use (Merikangas et al., 2010) . Relevant to the discussion, Dahl (Dahl, 2004) noted the paradox of adolescent health where adolescence is reported as one of the healthiest periods of the life span; yet adolescents have more than a 200% increase in morbidity and mortality from childhood to adolescence. Such morbidity is not due to chronic or infectious diseases but rather to "difficulties in the control of behavior and emotion" (Dahl, 2004, p. 3) resulting in risky behaviors. For example, adolescents experience accidents, suicide, substance use, and negative health consequences of unsafe sex behaviors. Interestingly, adolescents also have increased physical strength and speed, increased reaction time and decisionmaking abilities, and a greater resistance to cold and heat regulation, among other positive features (Dahl, 2004 ). Yet, in spite of these enhanced capabilities, they are vulnerable to erratic and emotionally charged behaviors that can result in negative outcomes like accidents. Dahl argues that these neurobehavioral changes in emotion and control are part of maturation and are relevant for thinking about improving adolescent health (Dahl, 2004) .
We were unable to find interventions targeted specifically toward puberty (rather than just adolescence) to impact health and developmental outcomes. However, given the multiple health risks associated with puberty or its timing (e.g., early risky sex behaviors, depression, altered timing leading to increased risk of certain diseases), there has been burgeoning interest in discovering positive factors specific to this developmental period that could be employed to promote beneficial outcomes for youth. In this section, we argue, based on findings from neuroscience, that the pubertal period may be an important "window of opportunity" for intervention-for example, due to greater reward sensitivity. Given how little we know about interventions conducted during specific stages of puberty versus adolescence more generally, we then also summarize evidence on efficacious intervention strategies during adolescence more broadly rather than just during puberty.
Research on the adolescent brain has yielded knowledge that can be applied to prevention and intervention. Increased reward sensitivity has been proposed as one potential factor that can be applied to design prevention and intervention strategies in adolescence. Puberty is a period of peak sensitivity to rewards, supported by heightened activity in the mesolimbic dopaminergic system (Doremus-Fitzwater & Spear, 2016) . Enhanced sensitivity makes some adolescents vulnerable to numerous pleasurable but potentially health-compromising behaviors (e.g., drug and alcohol abuse, sexual risk taking, and reckless driving (Spear, 2013; Steinberg, 2015) . However, there is increasing evidence from developmental cognitive neuroscience that this increased sensitivity to rewards might also be harnessed to promote healthy outcomes in youth (Telzer, 2016) , with cascading benefits across the life span. For instance, adolescents who show greater activity in reward-processing regions (e.g., ventral striatum) during prosocial decisions show decreasing levels of depression over time (Telzer, Fuligni, Lieberman, & Galv an, 2014) . Moreover, those showing greater striatal activity during cognitive tasks have better performance and more intrinsic motivation to perform well (Satterthwaite et al., 2012) . These findings suggest that, if pubertal adolescents experienced rewards during behaviors and activities that are beneficial to them or others (e.g., civic engagement, academics, exercise, or positive social interactions), these experiences might create lifelong "addictions" to behaviors that will promote their health and well being. Consistent with this perspective, a recent review concluded that promoting positive youth development by engaging adolescents in appealing activities might have a greater impact than current educational campaigns focused on convincing adolescents to abstain from smoking, alcohol, and sex (Steinberg, 2015) .
While these neuroscientific insights about the potential benefits of intervening during puberty are new, we are certainly not the first to consider that adolescence more broadly is a critical time to target prevention and intervention efforts to minimize health issues in both the near and distant future. For instance, in 1982, an edited book entitled Promoting Adolescent Health: A Dialog on Research and Practice made a similar argument (Coates et al., 1982b) . Multiple chapters were dedicated to various risky behaviors (e.g., smoking, drugs and alcohol, eating behaviors) and other chapters focused on prevention practices or programs that targeted specific risky behaviors. We were intrigued by the introductory chapter, "Crossing the Barriers," noting that much is known about disease treatment and prevention, but little is known about helping adolescents learn and engage in health-promoting activities. The authors state, "We need a basic understanding of the processes influencing adolescent health and practical knowledge about how to translate those understandings into effective programs. Such information is needed as a foundation for concerted activity and social policy in the area of health" (Coates, Petersen, & Perry, 1982a, p. 2) . Nearly a decade later this book was followed by another on adolescent health promotion (Millstein et al., 1993a,b) . Importantly, the authors argue that implementing the life span perspective on health promotion does not support a certain life stage as being optimal for promoting health; rather, each stage presents an opportunity (Millstein et al., 1993a) . Adolescence is one of those critical times for health promotion because many health behaviors that can be negative begin during this period. It is also a period where one should capitalize on health promotion due to the curiosity of adolescents and their interest in understanding themselves. Adolescents may be more receptive to health information and they are developing greater cognitive capacity which could also enhance the efficacy of health promotion; however, more than a lecture or a question asked about health-related behaviors is needed (Millstein et al., 1993a) . Now that several decades have passed since these two publications appeared, we believe some progress has been made in health promotion and intervention. However, not all interventions are effective in adolescents or perhaps we have not identified in which adolescents are the programs effective. This is an area ripe for more research. Certainly more can be done, given that problematic health behaviors still exist. Additionally, new challenges are faced by puberty-age adolescents of today (e.g., social media, enhanced freedoms) that translate into opportunities for enhancing health promotion and intervention.
Importantly, some schools of thought provide an alternative view that one of the most unlikely periods of development for successful intervention and prevention of risky behaviors is adolescence. This is because changing behavior is unlikely because of immature thought processes in adolescence; rather, changing the context in which they live may be more fruitful (Steinberg, 2015) . Such an argument can be supported by multiple studies conducted during adolescence that show ineffective change in an outcome with some behavioral or educational interventions (see examples in Steinberg, 2015) . For example, substance use cessation studies in adolescents focusing on education are not always successful. However, we should be optimistic because altering some contexts (e.g., limiting risky opportunities) may be reasonable to do. Mahoney and colleagues have shown that structured afterschool program participation can minimize substance use and early sexual activity (Mahoney, Vandell, Simpkins, & Zarrett, 2009 ). Steinberg (2015) also notes that focusing on positive youth development may be useful in prevention. Catalano and colleagues' review indicates that providing challenging and engaging learning experiences may be useful approaches to successful interventions although the evidence is not from rigorous studies such as randomized trials (Catalano et al., 2012) . Such strategies should be tested with pubertal-age adolescents to assure they are not forgotten, with respect to prevention and/or intervention for conditions that may emerge later in adolescence or even in adulthood (e.g., cardiovascular disease, mental health issues, later life osteoporosis). Many of the factors that influence health or impact the onset and development of chronic illness are behavioral and emerge or are enhanced during adolescence. Importantly, many of these factors can be modified (e.g., smoking and other substance use, exercise, eating behaviors, sleep). Adolescents have 30-40 years remaining before some of these chronic health conditions emerge. Thus, preventing the onset of new negative behaviors, or minimizing existing behaviors, could go a long way in improving concurrent and future health.
Creative and successful interventions for healthcompromising behaviors in the adolescent population (which includes those in puberty) need to address the unique needs of adolescents as well as their strengths and limitations. A call to action suggests focusing on interventions that more effectively address common determinants of multiple behaviors (Dick & Ferguson, 2015) . For example, physical activity and nutrition interventions both have an impact on obesity, depression, bone density, and other health issues. Additionally, online information and other social media could be developed for youth on health-related topics; recent research indicates one-third of this age group uses online data to improve behavior (Wartella, Rideout, Zupancic, Beaudoin-Ryan, & Lauricella, 2015) . Illustrating this concept, one study reported that mobile E-Health interventions for youth binge drinking showed short-term efficacy in minimizing the behavior and could be further tested in a longer term fashion (Carr a et al., 2016) . Other interventions could target stressors, many of which are modifiable, as they also negatively impact physical and mental health (McEwen, Gray, & Nasca, 2015) . For example, evidence in studies of adolescents indicates that mindfulness training can be successful in reducing stress (Kallapiran, Koo, Kirubakaran, & Hancock, 2015; Zoogman, Goldberg, Hoyt, & Miller, 2015) and further studies in this age group should be conducted on whether mindfulness reduces stress and in turn various risk-taking behaviors or health outcomes. See also Crockett et al. (2019, in this issue) on programs and policy on this issue.
Developmental neuroscience is providing a rich foundation of science applicable to creating more novel and potentially more effective intervention and/or prevention efforts in adolescents. Advances in developmental neuroscience now help us to understand, at a cellular level, relevant processes of neurodevelopment that enable others to understand the role of experience and learning in forming the neurosystem during this crucial period of the life span. Furthermore, advances in neuroscience make it possible to understand brain plasticity and thereby make a difference during adolescence by developing appropriate interventions that have the potential for having an impact on neurodevelopment. An example comes from Suleiman and Dahl, who provide an excellent integration of the literature and promote the role of developmental neuroscience of the adolescent brain in informing critical and more useful interventions (Suleiman & Dahl, 2017) . (See their extensive table illustrating the application of developmental neuroscience to health issues emerging in adolescence). In brief, they indicate that the following considerations may be useful in (1) developing interventions that are congruent with knowledge of the developing brain (e.g., considering methods that target sensitive and fast acting neural systems may be more impactful than standard interventions to change behaviors); (2) capitalizing on known mechanisms in neurodevelopment can inform methods of interventions and suggest the most effective timing for intervening. Importantly, however, just applying knowledge from the neuroscience discoveries in adolescence is not enough to have successful interventions. Understanding the complexities of the interactions in adolescence among the neurodevelopmental processes, the social, emotional, and behavioral processes can go far in working within the challenging paradox of adolescent health and development described above (Crone & Dahl, 2012) . Contextual changes during adolescent development are also highly relevant to consider. Understanding the negative behaviors that can be detrimental to health during adolescence, as well as capitalizing on the opportunities to develop more positive behaviors that can be protective, can promote adolescent health and well-being (Crone & Dahl, 2012) . Applying principles within developmental science and developmental neuroscience are important but neither field can "promise to be a silver bullet that will solve the complex health problems associated with adolescence" (Suleiman & Dahl, 2017, p. 246) . Applying knowledge from neuroscience can inform mechanisms of disorders or decision-making processes by contributing to the bidirectional understanding of how behavioral and environmental contexts can influence neurosystem development and how the neurosystem development can alter behavior (Suleiman & Dahl, 2017) . In turn, using such knowledge can inform interventions as well as enhance the understanding of important contextual changes that occur. Positive change in problems may then result during adolescence. It is not known whether the suggestions regarding advances in brain development apply equally to puberty and the entire adolescent period.
Including Puberty in Future Research
To advance the field of adolescent research, puberty often needs to be considered in studies that span childhood into adolescence because puberty is intricately connected to many aspects of health and development. As discussed above, puberty is a critical core biological process that occurs within adolescence. Inherent in the complex biological processes of puberty are changes in endocrine systems including the HPG, HPA, and growth axes (Styne & Grumbach, 2016) . Other biological changes occurring during puberty are relevant to scientific questions about adolescence. For example, there are important structural and functional changes that occur in the brain: some prior to puberty, some during, and others after (see Goddings, Beltz, Peper, Crone, & Braams, 2019, this issue) . Knowing where someone is in the process of puberty may be relevant to questions related to a structural or functional change in the brain and how these changes may impact a behavior or cognitive process under study. For physical health outcomes there are also known sex and pubertal differences in bone mineral content and bone mass in adolescence (Kalkwarf et al., 2007) as well as differences in the likelihood of developing depression (Angold & Costello, 2006; Colich et al., 2015; Cyranowski, Frank, Young, & Shear, 2000; Keenan, Culbert, Grimm, Hipwell, & Stepp, 2014) . Another important example of the importance of puberty is that puberty may impact how drugs are metabolized (Atkinson, Huang, Lertora, & Markey B. L. Jones, van den Anker, & Kearns, 2012) . Where one is in puberty may mean a different dose of a medication should be used in order to improve symptoms disease. Few pharmacologic studies include puberty as a variable that may actually impact drug efficacy. We highlight an important article that addressed how and why adolescent and pubertal factors should be considered in pharmacology research (Brooks-Gunn & Graber, 1994) . In that article, they cite physiological factors (e.g., distribution of body fat and muscle mass changes across puberty and by sex) as well as behavioral factors (e.g., compliance with treatment, impact of substance use on a medication). If puberty is ignored in some scientific studies, incorrect conclusions could be made about the target outcome. It is useful if an investigator is schooled in the nuances of puberty so as to be cognizant of what role puberty may play in any empirical study. Including puberty may require discussions with an appropriate collaborator with expertise in pubertal development. Depending on the research focus, puberty may be a significant predictor (e.g., an independent variable), a critical covariate, an important enrollment or exclusionary criterion, or a mechanism (mediator, moderator) of a process under study.
ADVANCING THE SCIENCE OF PUBERTY INVOLVES MULTIPLE APPROACHES Knowing if Puberty Has a Prominent Place Within the Literature
Across the years in our examination of the literature, we found that how puberty is measured is often not clearly articulated (and sometimes not even mentioned) within an article (Dorn et al., 2006) . In other cases, measures of puberty are not included in a study when it likely would be meaningful for interpretation of the findings. To gain insight into the assessment of puberty in research, we conducted two literature searches. First, we searched using the term puberty to see what was being published on that topic and second, we chose the term obesity and then crossed the search with the term puberty. Obesity was chosen as a topic because obesity may begin or increase during puberty and studies on obesity could be focusing on how a psychosocial construct is related to obesity OR focusing on how a physical or physiological attribute or process is related to obesity. Thus, we reasoned that obesity would provide a topic that should be reported in a clinical or nonclinical journal. Although we recognize our two searches were not exhaustive (e.g., other databases could have been used, more years searched), we did want to provide a few examples to illustrate what is being published regarding puberty. We also refer the reader to Marceau, Hottle, & Yatcilla (2019, in this issue) on complementary search of the literature reported in this issue. Our results follow. For our first search, we used PubMed to search on the term puberty, both as a MeSH or MAJR heading. The search applied filters to identify results from the past 2 years (April 30, 2015 to April 30, 2017 , based on human studies, with participants between the ages of 6-18 years (a time when puberty normally occurs), published in English, and which were clinical trials. Since we wanted articles where puberty was a primary variable in the study, we also selected the filter so the term appeared in the title and/or the abstract. Results indicated that 18 articles met criteria using the Puberty [MAJR] term and 23 met criteria using the Puberty [MeSH] term. Of those 41 articles, one could not be retrieved and 13 appeared in both searches. Therefore, 27 met the criteria and are included in our description that follows regarding how puberty was measured.
The majority of research questions/hypotheses of the 27 articles focused on some physical aspect of puberty (e.g., endocrine processes, pubertal development, growth) and their impact or association with changes, or change in conjunction with a disease/disorder or process (e.g., cardiovascular, sickle cell anemia, sleep, obesity, appetite/intake, bone health). Only two of the 27 articles focused on some aspect of puberty in conjunction with a psychosocial-related outcome (e.g., parental buffering of stress hormone changes, rewards or risk taking changing neural responses). In examining the objectives of the studies, it seemed that a "gold standard" measure of puberty (e.g., Tanner stage by exam) would likely be the strongest choice for pubertal assessment given that all questions focused on some kind of biological phenomenon or a change in that phenomenon. However, only 13 of the 27 (48.15%) studies indicated that physical exams (or in one case, another physiological measure that changes during puberty-height standard deviations) were conducted. In only three of those 13 were the descriptions in the measurement section thorough in describing the procedures (e.g., exam conducted by whom, criteria used). The remaining 10 of 13 either had minimal explanations or in some cases only said that Tanner stage was used but did not indicate whether it was by exam or another method (e.g., self-or parent report). Nine of 27 (33.33%) used either self-or parent report of puberty, one study (3.7%) used an exam and self-report but it was unclear how these were used in the analyses, one (3.7%) used an exam at Time 1 but self-report at Time 2, and the remaining three (11.11%) provided no information about how puberty was measured.
Next, for the targeted search on obesity, we again used PubMed and initially used the same filters as noted above. However, too few articles were identified so we then used the filter of MeSH only for the term obesity and added the term puberty as both MeSH and MAJR terms along with the filters of English, human studies, age 6-18, appearing in the title and/or abstract, and in the same 2-year period. This search yielded 15 articles although five were excluded since they were not reporting on an empirical study. Of the 10 remaining articles, we determined that all were measuring physiological/ biological constructs as the dependent variable(s) (e.g., a measure of obesity like body mass index) where it would have been appropriate to use the gold standard measure of pubertal stage(s) (the independent variable) determined by physical examination. Five of the 10 (50%) did use Tanner staging by exam and described the physical exam in a relatively clearly written methods section; one of 10 (10%) used self-report of pubertal development, two of 10 (20%) used puberty in the analysis but the methods section did not indicate how it was measured, two of 10 (20%) mentioned puberty in the discussion section as being relevant but did not measure puberty. Thus, 50% of the published articles were limited by how they measured puberty, either by not indicating how they measured puberty, or by not measuring it when they indicated it was likely relevant to the study. With these limitations in mind, readers may want to carefully evaluate interpretation of the results in journal articles as well as the meaning of the results.
We acknowledge that our search was restricted using a single database: with other databases we likely would have found additional articles that measured puberty in studies where the question focused on a psychosocial outcome. However, our intent was to illustrate a point rather than to present an all-encompassing literature search. Based on the first search, there appears to be a dearth of studies that actually consider the relevance that puberty may play. Furthermore, of those studies that did include puberty, the strengths and limitations of the particular measure chosen should have been discussed to show its relevance to the findings. The methods section of empirical articles could benefit from more thorough descriptions of how puberty was measured so that conclusions could be qualified and studies replicated. For the search on obesity crossed with puberty, only 10 articles met criteria. Since the adolescent age range was specified in the inclusion criteria, we anticipated the numbers to be greater as some aspect of puberty (e.g., timing, stage) would be pertinent physiological aspects of obesity, trials of an intervention for obesity, or even the psychosocial aspects (e.g., self-esteem, bullying, depression) of obesity. Based on our perspective and the limited search, we see significant room for enhancing research conducted in the adolescent age range by considering whether puberty plays a causal or associative role in the results of the study.
Promoting Sound Measurement: Targeting and Defining the Right Measure of Puberty
To make puberty more relevant in studies that include pubertal-age children, we and others have argued (Berenbaum, Beltz, & Corley, 2011; Dorn & Biro, 2011; Dorn et al., 2006) that the measure of puberty should be reliable and valid and that the measure should "match" the research question. For example, if the question is about how puberty influences the change in a certain structure of the brain, one could argue that a "gold standard" measure of pubertal staging (e.g., Tanner breast stage I-V for girls) by a trained examiner would be the best measure. Measuring breast stage by exam reflects a biological change in puberty including the underlying hormonal processes, and a structural change in the brain represents a biological change as well. Thus, in this case, self-report of pubertal stage may be a less valid view of such a biological change because self-report of stage has low agreement (kappa coefficients) with the actual exam of stage (Dorn, Susman, Nottelmann, InoffGermain, & Chrousos, 1990) . If the question is about how reproductive hormones in boys may impact a structural or functional change in the brain, then an excellent choice would be measuring testosterone or genital stage (testicular volume) or Tanner stage by exam.
Beyond matching the measure of puberty to the question as stated above, the measure of puberty must match the sample under study. For example, if a narrow age range of adolescents are enrolled (e.g., 12-13-year-old boys), it may make less sense to use the more costly pubertal stage by exam. The number of stages represented would be limited, and/or certain stages may have too few boys (e.g., Tanner 4-5) in a sample of 12-13-year-old boys in order to conduct meaningful analyses. In this case, "perceived puberty" may be a better measure based on the limitations of stage variability. Thus, in this case the gold standard measure may be less valuable. Alternatively, if the sample includes an age range of 14-17-year-old African American girls, pubertal timing determined by age at menarche may be a more reasonable variable since the majority of these girls would be postmenarcheal and Tanner stage 4 or 5. Based on other studies it would be rare to have an African American girl who was Tanner 1 and 2 (and even 3) in this age range and racial group. If the concern is trying to address issues raised by grant or journal reviewers who are questioning the proposed measure of puberty or why puberty was not included, we have found it works best to provide a strong argument regarding the selection of measure for puberty. Sometimes it takes educating reviewers who may not be knowledgeable on typical ages of occurrence of pubertal markers, but they are aware that puberty should be accounted for in studies. Providing an explicit rationale that is based on the evidence can be very helpful.
Novel Theoretical Models for Studying Puberty
Psychosocial or behavioral research is stronger when it is based on a theoretical or conceptual framework. Below we provide some examples illustrating recently developed rich theoretical models of puberty that highlight neuroendocrine and neurobehavioral interactions in brain-pubertybehavior development. We focus primarily on neural and neuroendocrine processes as these fields have seen the most rapid advancements in recent years, suggesting novel ways of conceptualizing puberty and research in the future.
For studies on brain development and puberty, neuroendocrine processes are a key component in the underlying theory of the role of puberty in biological and behavioral development. The rise in sex hormones during puberty has profound effects on brain development and behavior in sex-specific ways, preparing the organism for reproductive maturity (Schulz & Sisk, 2016) . Recent evidence has greatly enriched our understanding of the role of sex hormones in shaping brain and behavior during puberty and the life span. The classic organizational hypothesis (Phoenix, Goy, Gerall, & Young, 1959) argued that sex hormones have an "organizational" effect on the nervous system and other tissues during the perinatal period, and an "activational" role during the prenatal and peripubertal period. The distinction between organizational and activational effects was that sex steroids permanently alter neural and other tissues in sexspecific ways during early development. Activational effects are considered in the second sensitive period when reproductive behavior emerges as a result of activation by sex hormones acting on the tissues that had been organized during early development. However, more recent evidence has suggested that the effects of sex hormones are much more complex than once thought (Wallen, 2009) . Specifically, there is evidence from animal models that puberty might also be an "organizational" period, when the brain is profoundly remodeled by sex hormones, with consequences for the rest of the life span (Schulz & Sisk, 2016) , a reasonable hypothesis. This perspective has been suggested by studies showing that hormone replacement following castration in adulthood can restore sexual behavior in adult animals, but not in animals which were deprived of sex hormones during puberty, suggesting sex hormones are needed during the specific time of puberty for normal sexual development to occur (Schulz, Molenda-Figueira, & Sisk, 2009 ). Consistent with a view of puberty as a period of neural reorganization, neuroimaging studies in humans are increasingly documenting the association of pubertal hormone levels (estradiol in girls and testosterone in boys) with changes in brain structure-for example, a decrease in cortical gray matter and increase in white matter (see Goddings et al., 2019, in this issue) . An important next step in this research will be to assess the implications of organizational/activational associations between puberty-related brain changes and behavior in humans. If we could identify neural changes that not only track with hormonal changes and fluctuations but also are synchronous with the emergence of adaptive and maladaptive behavior, these insights might suggest novel approaches to preventing harmful behaviors and promoting adaptive adolescent health.
Additionally, novel models based in experiments with rodents argue that, instead of conceiving of the perinatal and pubertal periods as two discrete sensitive periods for shaping sex differences in brain and behavior, we should consider the entire period from conception to late adolescence as one continuous sensitive period, given some evidence of organizational effects of hormones postnatal but before puberty (Schulz et al., 2009; Schulz & Sisk, 2016) . These provocative hypotheses challenge us to consider ways in which sex hormones might shape sex differences in brain and behavior in humans before, during, and after puberty, even though more evidence is needed to test a theoretical model derived from rodent models applied to humans. Furthermore, this theoretical model suggests that, when we "look back" from puberty, there is more continuity in behavior with prior periods than previously thought. We know very little about the role of sex hormones in shaping human behavior in the intermediary stages between the perinatal period and puberty.
Another active and recent area of research has focused on the role of puberty in shaping neural plasticity. For example, there is a body of evidence consistent with the idea that pubertal hormones may not only open sensitive periods in some neural regions, but may also close sensitive periods for language learning in humans and song learning in birds (Piekarski et al., 2017) . For this reason, the trend toward increasingly earlier onset of puberty in many parts of the world, particularly in disadvantaged populations, is concerning as it may prematurely foreclose language and other modes of learning in these groups and in the long run may reduce the human learning potential (Piekarski et al., 2017) . From this perspective, understanding the causes for the declining age of pubertal onset and designing interventions to potentially stall these trends would be beneficial.
Finally, a provocative new theory of neuroendocrine changes during puberty proposes that the HPA axis, the major human stress-response system, may become recalibrated during puberty (Romeo, 2010) , creating the potential to reverse some of the effects of early-life stress on the HPA axis. Proponents of this pubertal recalibration hypothesis point to evidence from animal studies suggesting that the brain and the HPA axis stress system undergo important changes during puberty (Romeo, 2010; Romeo, Karatsoreos, & McEwen, 2006) . For instance, adolescent rodents show increased growth of new neurons in the hippocampus after chronic stress, in contrast to adult animals that show a decline in number of hippocampal neurons after the same experience (Toth et al., 2008) . It remains to be seen whether these findings apply to humans, but importantly a few studies have suggested that adolescence may indeed be a window of higher plasticity, when the effects of early-life adversity are less notable if current circumstances are less stressful (Quevedo, Johnson, Loman, Lafavor, & Gunnar, 2012) and when major stressors during puberty may initiate their own lingering effects on later stress reactivity (Bosch et al., 2012) . If substantiated in pubertal-age adolescents, this hypothesis suggests that adolescence may be a particularly effective period to intervene, both to take advantage of ongoing plasticity to reverse the negative effects of prior stressors, and to establish new and effective mechanisms for coping with stress that may last a lifetime. For instance, social support and physical activity during adolescence have been shown to weaken the link between stress and later depression (Colman et al., 2014) . Helping adolescents form strong, healthy relationships with their peers and promoting physical exercise might be fruitful strategies for tipping the balance toward healthier forms of coping with stress. Additionally, interventions targeting the prevention of unhealthy coping mechanisms such as substance abuse, over-or under-eating, and isolation from others, may pay high dividends over the life course if adolescence is indeed a critical juncture for establishing young people's behavioral repertoires for coping with stress.
Promoting Interdisciplinary Research
The importance of interdisciplinary research is discussed thoroughly in Susman, Marceau, Dockray, and Ram (2019, this issue) . We briefly point out the relevance of such research here as a critical piece for advancing the science of puberty. The nature of the biological changes involved in puberty, the psychosocial and contextual changes inherent in normal adolescent development, and the complexity of various developmental and health issues beg for interdisciplinary research. We believe that increasing integration between biopsychosocial approaches to the study of puberty and adolescence would be a fruitful approach for making progress on many of the great unknowns of the field. Furthermore, assessing multiple levels of analysis (e.g., neural, hormonal, genetic, behavioral, social, cultural) would shed light on any interactions that may have downstream effects on life span mental and physical health-for example, between the HPG and HPA axes, the brain and these endocrine axes, or between the brain, hormones, and behavior. These complex systems or processes cannot be addressed without the appropriate statistical expert who is well versed in longitudinal modeling, and who uses up-to-date statistical models to look at both variable-level and person-level foci. (see Susman et al., 2019, in this issue) .
CONCLUSIONS
The intention of this article was to discuss and promote the notion that puberty should be recognized as an important "window of opportunity" for understanding and improving trajectories of health, development, and well-being in adolescence and even across the life span. First, we described how initial investigations in the field of adolescence often focused only on the specific period of adolescence, treating it as a separate and unique stage. As the field of adolescent research developed, investigators became more aware that events and processes that occurred prior to adolescence had significant effects on the adolescent. Increasingly, investigators became interested in explaining how development and experiences in adolescence can have an impact on health across the life span. Thus, puberty became viewed as a pivotal inflection point in human development that connects early experiences with adolescence and, in turn, lifelong health outcomes. Applying this view in practice can enhance efforts in research, clinical care, and policy efforts.
As a period of transformation and plasticity across multiple domains, puberty may be an opportune period to intervene to reverse the effects of early-life stress as well as to improve subsequent health trajectories. For instance, there is increasing appreciation for the "double-edged sword" nature of some pubertal changes, such as the peak in reward sensitivity. Characteristics such as these pose risks but might also be harnessed to promote positive outcomes. Research is increasingly capturing the multi dimensional changes that occur during puberty and adolescence, as well as their potential to inform intervention and prevention efforts. Adolescence is a critical period for considering these efforts in order to benefit individuals and families as well as overall public health.
We also addressed the importance of advancing the science of puberty and specific ways that this may be facilitated. For example, there are critical issues regarding measurement of puberty such as determining the most appropriate measure of puberty that matches the question and measuring it in a reliable and valid manner. Accurate measurement will provide more accurate information about how (or if) puberty is playing a role in a certain process or outcome. There are also times when certain measures of puberty may be less appropriate, depending on the age range of those under study. We recognize that not all studies can use the gold standard for measuring puberty. However, reading the literature with a critical eye regarding how puberty was measured and analyzed, along with its strengths and limitations, will go far in interpreting the findings. Additionally, investigators who study adolescent issues or include an adolescent sample should be encouraged to consider including puberty measures, as this is a critical process in development. Such an inclusion could enhance the quality and scientific rigor of studies by determining if puberty is a major correlate of the behavior of interest that should be considered in the statistical models. Inclusion of pubertal characteristics may require a collaborator knowledgeable in the field of puberty and adolescence (e.g., adding another discipline). Other important collaborations should follow. For example, a new generation of interdisciplinary studies is needed to understand interactions across systems (neural, endocrine, and behavioral) during puberty and beyond.
Enhancing the science of puberty also relies on theoretical or conceptual models across disciplines. Novel theoretical models of puberty suggest a more complex image of pubertal processes that includes organizational effects on brain and behavior, and possible recalibration of prior "programming" effects. Integrating insights from multiple disciplines, new theoretical models, and several levels of analysis will require complex computational models and teams of interdisciplinary scientists working collaboratively, but promises to yield exciting new advances in our understanding of health and well-being across the life span.
